ATP binding cassette protein A1 (ABCA1) plays a major role in cholesterol homeostasis and high density lipoprotein (HDL) metabolism. It is proposed that ABCA1 reorganizes the plasma membrane and generates more loosely packed domains that facilitate apoA-I-dependent cholesterol efflux. In this study, we examined the effects of the cellular sphingomyelin level on HDL formation by ABCA1 by using a Chinese hamster ovary-K1 mutant cell line, LY-A, which has a missense mutation in the ceramide transfer protein CERT. When LY-A cells were cultured in Nutridoma-BO medium and sphingomyelin content was reduced, apoA-I-dependent cholesterol efflux by ABCA1 from LY-A cells increased 1.65-fold compared with that from LY-A/CERT cells stably transfected with human CERT cDNA. Exogenously added sphingomyelin significantly reduced the apoA-I-dependent efflux of cholesterol from LY-A cells, confirming that the decrease in sphingomyelin content in the plasma membrane stimulates cholesterol efflux by ABCA1. The amount of cholesterol available to cold methyl-␤-cyclodextrin (M␤CD) extraction from LY-A cells was increased by 40% by the expression of ABCA1 and was 1.6-fold higher than that from LY-A/CERT cells. This step in ABCA1 function, making cholesterol available to cold M␤CD, was independent of apoA-I. These results suggest that the function of ABCA1 could be divided into two steps: (i) a flopping step to move phosphatidylcholine and cholesterol from the inner to outer leaflet of the plasma membrane, where cholesterol becomes available to cold M␤CD extraction, and (ii) a loading step to load phosphatidylcholine and cholesterol onto apoA-I to generate HDL.
mice was decreased by more than 75%, mostly due to a reduction of HDL (2); however, the molecular mechanism behind ABCA1-mediated pre-␤HDL formation is still poorly understood.
Several models have been proposed for the mechanism of ABCA1-mediated pre-␤ HDL formation: (a) A two-step process model proposed by Fielding et al. (3) and Wang et al. (4) that ABCA1 first mediates PL efflux to apoA-I and this apolipoprotein-PL complex accepts FC in an ABCA1-independent manner; (b) a concurrent process model that FC and PL efflux by ABCA1 to apoA-I are tightly coupled to each other (5) ; and (c) a phosphatidylserine flopping model that ABCA1 mediates the translocation of phosphatidylserine to the outer leaflet and extracellular exposure of phosphatidylserine promotes apoA-I binding to the cell surface and subsequent translocation of phosphatidylcholine (PC) and cholesterol to apoA-I (6) . To explore the mechanism of ABCA1-mediated pre-␤ HDL formation, we purified human ABCA1 as a detergent-soluble form and examined ATPase activity (7) . Purified ABCA1 showed robust ATPase activity when reconstituted in liposomes made of synthetic PC or sphingomyelin (SM), suggesting that ABCA1 recognizes PLs with choline head groups. As ATPase is reduced by the addition of cholesterol, we speculated that cholesterol also directly binds to ABCA1; however, the mechanism by which ABCA1 mediates lipid efflux to apoA-I has yet to be clarified.
Recently, Landry et al. (8) reported that ABCA1 reorganizes the plasma membrane and generates more loosely packed domains and suggested that the loosely packed domains facilitate apoA-I association with cells and, consequently, lipid acquisition by apoA-I to form nascent HDL particles. It was also reported that macrophages from ABCA1-deficient mice exhibited increased lipid rafts on the cell surface (9) and induction of ABCA1 by 8Br-cAMP made RAW264.7 cells more sensitive to M␤CD treatment (5) . ABCA1 expression increased the Triton X-100 solubility of SM, but not that of PC (8) . As SM has high affinity to cholesterol and tends to form raft domains in the plasma membrane, a change in SM content likely affects membrane dynamics. Indeed, it was reported that treating rat fibroblasts with SMase increased apoA-I-or apo-E-dependent cholesterol efflux (10) ; therefore, we hypothesized that reducing or * This work was supported by Grant-in-aid for Scientific Research and Creative Scientific Research 15GS0301 from the Ministry of Education, Culture, Sports, Science, and Technology, Japan, and grants from the Bio-oriented Technology Research Advancement Institution and the Pharmaceutical and Medical Devices Agency. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 1 To whom correspondence should be addressed. Tel.: 81-75-753-6124; Fax:
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redistributing SM is an ABCA1 function that facilitates apoA-I-dependent HDL formation.
In the present study, we analyzed apoA-I-dependent efflux of PLs and cholesterol from a Chinese hamster ovary-K1 mutant cell line, LY-A (11), which has a missense mutation in the ceramide transfer protein CERT, and examined the effects of the cellular SM level on HDL formation by ABCA1.
EXPERIMENTAL PROCEDURES
Materials-Anti-ABCA1 monoclonal antibody KM3110 was generated against the C-terminal 20 amino acids of ABCA1 in mice (12) . Rabbit polyclonal anti-ABCG1 antibody was purchased from Santa Cruz Biotechnology. Rabbit polyclonal anticaveolin-1 antibody was purchased from BD Transduction Laboratories. SM (99% from chicken egg yolk) and SMase (from Bacillus cereus) were purchased from Sigma. Sulfo-NHS-biotin was purchased from Pierce. TO901317 was purchased from Cayman Chemical. Recombinant apoA-I was prepared as reported previously (13) . Other chemicals were purchased from Sigma, Amersham Biosciences, Wako Pure Chemical Industries, and Nacalai Tesque.
Cell Culture-The LY-A cell line is a Chinese hamster ovary-K1-derived mutant cell line defective in the endoplasmic reticulum-to-Golgi transport of ceramide (14) , and the LY-A/CERT line is a stable transformant with human CERT cDNA. Ham's F-12 medium supplemented with 10% FBS was used as a normal culture medium. Nutridoma-BO medium (F-12 medium containing 1% Nutridoma-SP (Roche Applied Sciences), 0.1% FBS, and 10 M sodium oleate/bovine serum albumin complex, and gentamicin (10 g/ml)) was used as a sphingolipid-deficient culture medium (15) . Chinese hamster ovary cells were maintained in the normal culture medium in a 5% CO 2 atmosphere in 100% humidity at 37°C. For cultivation in a sphingolipiddeficient medium, cells were seeded, incubated in the normal culture medium at 37°C for 24 h, and, after washing twice with PBS, cultured in Nutridoma-BO medium for 48 h.
Western Blotting-Cells were washed with PBS and lysed by lysis buffer (20 mM Tris-Cl, pH 7.5, 1 mM EDTA, 10% glycerol and 1% Triton X-100) containing protease inhibitors, 100 g/ml (p-amidinophenyl)methanesulfonyl fluoride, 2 g/ml leupeptin, and 2 g/ml aprotinin. Samples were electrophoresed on SDS-polyacrylamide gel and immunodetected with the indicated antibodies.
Cellular Lipid Release Assay and M␤CD Extraction-Cells were cultured in F-12 containing 10% FBS and subcultured into 6-well plates at a density of 2 ϫ 10 5 cells. To deplete SM, cells were washed twice with PBS after a 24-h incubation and Nutridoma-BO medium was added. In 24 h, medium was exchanged with fresh Nutridoma-BO with or without 5 M TO901317 and 5 M 9 cis-retinoic acid (RA) to induce ABCA1 expression. After 24 h of incubation, cells were washed again twice with PBS and medium was exchanged to F-12 containing 0.02% bovine serum albumin, 5 g/ml recombinant apoA-I, 5 M TO901317, and 5 M RA to analyze lipid release. The cholesterol and choline phospholipid content in the medium was determined after 6 h of incubation using colorimetric enzyme assays as described previously (16) . To analyze the cholesterol available to cold M␤CD extraction, cells were washed twice with PBS and incubated with F-12 containing 5 mM M␤CD for 1 h on ice. The cholesterol content in the medium was determined as above.
Exogenous Addition of SM-SM was dissolved in 2:1 ethanol/ Me 2 SO to make a 5-mM stock. An aliquot of this stock solution was added to the culture medium (Nutridoma-BO) to make a final concentration of 40 M as described previously (17) , and cells were incubated for 12 h.
Cellular Lipid Content-The cell monolayer was washed twice with PBS, and cellular lipids were extracted with n-hexane/2-propanol (3:2). An aliquot of extracted lipids was subjected to analysis. The cholesterol and choline phospholipid content was determined as described above. The SM content was determined as described previously by Hojjati et al. (18) . Extracted lipids were incubated with bacterial SMase, alkaline phosphatase, choline oxidase, peroxidase, N-ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline, and 4-aminoantipyrine for 45 min. The absorbance at 595 nm of generated blue dye was measured with a spectrophotometer (Bio-Rad). The specificity of this assay to SM was confirmed (data not shown).
Triton X-100 Extraction-Cellular content of Triton X-100 (TX)-soluble cholesterol was analyzed as described previously (8) . Briefly, cell monolayers were washed twice with ice-cold PBS and chilled on ice for 30 min in F-12 containing 10 mM HEPES, pH 7.4. The medium was then replaced with 1 ml/well F12/HEPES in the presence of 1% Triton X-100 and further incubated on ice for 30 min. The medium was then collected, and the first wash with 500 l of ice-cold PBS was combined with medium. The cholesterol content in the medium (TXsoluble) and cells (TX-insoluble) was determined as described above. Distribution of ABCA1 between TX-soluble and TX-insoluble membranes was determined as reported (19, 20) . Cells were washed with PBS and lysed by MES-buffered saline (25 mM MES, pH 6.5, 0.15 M NaCl) containing 1% Triton X-100 and protease inhibitors. The suspension was kept on ice for 20 min and centrifuged at 14,000 ϫ g for 20 min at 4°C. The supernatant (TX-soluble) was removed. The pellet (TX-insoluble) was suspended in HEPES-buffered saline (25 mM HEPES, pH 7.4, 0.15 M NaCl) containing 1% Triton X-100 and protease inhibitors and solubilized by sonication.
Biotinylation of Cell Surface Proteins-Cell monolayers were kept on ice for 10 min. Cells were washed with ice-cold PBS ϩ (phosphate-buffered saline containing 0.1 mg/ml CaCl 2 and MgCl 2 6H 2 O) and incubated with 0.5 mg/ml sulfo-NHS-biotin solubilized in PBS ϩ for 30 min on ice in the dark. Cells were washed with PBS ϩ to remove unbound sulfo-NHS-biotin and lysed in radioimmune precipitation buffer (20 mM Tris-Cl, pH 7.5, 1% Triton X-100, 0.1% SDS, and 1% sodium deoxycholate) containing protease inhibitors. Immobilized monomeric avidin gel (Pierce) was added to the cell lysate to precipitate biotinylated proteins, which were electrophoresed on a 7% SDS-polyacrylamide gel and immunodetected.
Protein Assay-Cell monolayers were incubated in 0.1 N NaOH for 1 h at room temperature. A protein assay was performed with BCA protein assay reagent (Pierce).
Statistical Analysis-Values are presented as the means Ϯ S.E. Statistical significance was determined by Student's t test. A value of p Ͻ 0.05 was considered statistically significant. Table 1) . The amount of choline phospholipid and total cholesterol content of these cells was not significantly changed. When these cells were cultured in F-12 medium containing 10% FBS, there was no difference in SM, PC and cholesterol content between LY-A and LY-A/CERT cells (data not shown). The expression of ABCA1 was induced by a liver X receptor agonist, TO901317, and a retinoid X receptor agonist, RA. Treatment with these compounds did not affect SM and FC content in either cells (Table 1) . PL content was slightly increased by the treatment, but there was no difference between LY-A and LY-A/CERT cells. The efflux of PLs from both LY-A and LY-A/ CERT cells was strongly stimulated in the presence of apoA-I compared with that in its absence (Fig. 1) . When cells were cultured in the sphingolipid-deficient medium (Fig. 1A) , the amount of PL excreted from LY-A cells in the presence of apoA-I was significantly higher (by 51%) than that from LY-A/ CERT cells, although there was no difference in the PL excretion between the two cell types when cells were cultured in medium containing 10% FBS (Fig. 1B) . LY-A and LY-A/CERT cells cultured in medium containing 10% FBS showed higher efflux of PL than those cultured in Nutridoma-BO medium. Because culture conditions did not affect the expression level of ABCA1 in these cells (data not shown), the higher efflux may be attributed to good growth rate or culture conditions.
RESULTS

ApoA-I-dependent Efflux of PLs from LY-
ABCA1 Mediates Enhanced apoA-I-dependent PL Efflux from LY-A Cells-
The difference in PL efflux from LY-A and LY-A/CERT cells could be due to the differential expression or subcellular localization of ABCA1. Western blot analysis suggested that TO901317 and RA greatly stimulated the expression of ABCA1, and their expression levels were indistinguishable between LY-A and LY-A/CERT cells ( Fig. 2A) . Furthermore, a biotinylation experiment suggested that the amount of ABCA1 expressed on the cell surface was also indistinguishable between LY-A and LY-A/CERT cells (Fig.  2B) . Under these conditions, no expression of ABCG1 or ABCB4, which might be involved in PL secretion, was detected in LY-A cells (data not shown). These results suggest that PL efflux from LY-A and LY-A/CERT cells is mediated by ABCA1.
ABCA1 Mediates Enhanced apoA-I-dependent Cholesterol Efflux from LY-A Cells-Next we examined apoA-I-dependent cholesterol efflux from LY-A and LY-A/CERT cells. As described in the Introduction, we hypothesized that expression of ABCA1 affected the amount or distribution of SM and that the ABCA1-dependent alteration of SM is required to facilitate apoA-I-dependent HDL formation. If that is the case, ABCA1-dependent efflux of cholesterol from LY-A cells is expected to be lower than that from the efflux from LY-A/CERT cells, because the pool size of SM that can be affected by ABCA1 should be smaller in LY-A cells. However, apoA-I-dependent cholesterol efflux mediated by ABCA1 from LY-A cells was considerably higher (by 65%) than that from LY-A/CERT cells when cells were cultured in Nutridoma-BO medium (Fig. 3A) . Without the induction of ABCA1 by TO901317 and RA, apoA-I-dependent cholesterol efflux was scarcely observed. When cells were cultured in medium containing 10% FBS, comparable apoA-I-dependent cholesterol efflux was observed from LY-A and LY-A/CERT cells (Fig. 3B) .
ABCA1-mediated Cholesterol Efflux Is Suppressed by Exogenously
Added SM-To examine whether the reduction of SM level in the plasma membrane caused the increase in apoA-Idependent efflux of PL and cholesterol, the effect of exogenously added SM was examined on apoA-I-dependent lipid efflux from LY-A cells (Fig. 4) . The addition of SM significantly reduced (by 31%) apoA-I-dependent efflux of cholesterol. Under these conditions, cellular SM content was increased by 60 -70% but the surface expression of ABCA1 was not changed (data not shown). These results confirmed that the decrease in SM content in the plasma membrane stimulates cholesterol efflux by ABCA1.
Cholesterol Available to Cold M␤CD Extraction Is
Increased by ABCA1-We assumed that the decrease in SM content would reorganize membrane domains and increase cholesterol content in non-raft domains. To verify this, we analyzed the amount of cholesterol available to cold M␤CD from LY-A and LY-A/CERT cells cultured in Nutridoma-BO medium. Without treatment with TO901317 and RA, more cholesterol (ϳ1.6-fold) was extracted from LY-A cells than LY-A/CERT cells by incubating with 5 mM M␤CD for 1 h on ice (Fig. 5) . LY-A and LY-A/CERT cells showed similar sensitivity to amphotericin B, which kills cells by binding to cholesterol in the plasma mem- brane, 3 suggesting that they contain similar number of cholesterol molecules in the plasma membrane. These results suggested that the plasma membrane was reorganized and more cholesterol existed in non-raft domains in LY-A cells when SM content was reduced. However, apoA-I-dependent cholesterol efflux was scarcely observed under the same conditions (Fig.  3A) , suggesting that the cholesterol available to cold M␤CD cannot be loaded onto apoA-I spontaneously. Interestingly, treatment with TO901317 and RA increased the amount of extracted cholesterol from LY-A cells by 40% compared with that without treatment. Cholesterol extracted from LY-A/ CERT cells was also increased by 40% compared with that without treatment; consequently, the amount of cholesterol available to cold M␤CD extraction from LY-A cells was 1.6-fold higher than that from LY-A/CERT cells when ABCA1 was induced with TO901317 and RA.
Cholesterol Available to Cold M␤CD Extraction Is Decreased by Exogenously Added SM-To further confirm that the decrease in SM content reorganized membrane domains and increased cholesterol content in non-raft domains, the effect of exogenously added SM was examined on M␤CD-mediated cholesterol extraction from LY-A cells (Fig. 6 ). The addition of SM drastically reduced the amount of cholesterol extracted by cold M␤CD. The ABCA1-induced increase in the amount of cholesterol extracted by cold M␤CD was not observed by the addition of SM. These results suggest that the decrease in SM content in the plasma membrane increases cholesterol available to cold M␤CD and that ABCA1 makes cholesterol available to cold M␤CD extraction in non-raft domains.
Distribution of ABCA1 and Cholesterol in TX-soluble Membranes-The distribution of ABCA1 and cholesterol between TX-soluble and TX-insoluble fractions was examined. ABCA1 was recovered from TX-soluble membranes as previously reported (19) , whereas caveolin-1, a raft-specific protein, was recovered from TX-insoluble membranes (Fig. 7A ). Under these experimental conditions, significantly more cholesterol was recovered in the TX-soluble fraction from LY-A cells than from LY-A/CERT cells (Fig. 7B) .
DISCUSSION
In this study, we have demonstrated that the SM level in the plasma membrane affects apoA-I-dependent efflux of PL and cholesterol mediated by ABCA1. When LY-A cells were cul- tured in Nutridoma-BO medium, the SM content in LY-A cells became ϳ65% that of LY-A/CERT cells, whereas choline phospholipid and the total cholesterol content of these cells was not changed. Under these conditions, apoA-I-dependent cholesterol efflux by ABCA1 from LY-A cells was 1.65-fold higher than that from LY-A/CERT cells. Exogenously added SM reduced apoA-I-dependent efflux of cholesterol from LY-A cells, confirming that decrease in SM content in the plasma membrane stimulates cholesterol efflux by ABCA1.
The amount of cholesterol available to cold M␤CD from LY-A/CERT cells was increased by 40% by the expression of ABCA1. This is well consistent with the recent finding by Landry et al. (8) in which M␤CD (5 mM) extracted 40 -50% more cholesterol from ABCA1-expressing hamster cells than from mock cells. Landry et al. interpreted this result to mean ABCA1 expression alters the general packing of the plasma membrane by generating more loosely packed microdomains (non-rafts). Indeed, Fig. 5 indicates that, even without inducing ABCA1 expression by TO901317 and RA, the amount of cholesterol available to cold M␤CD from LY-A cells is 60% more than that in LY-A/CERT cells, suggesting that the reduction of SM on the plasma membrane increases the amount of cholesterol available to cold M␤CD as ABCA1 does. These results might be explained by ABCA1 reducing or redistributing SM in the plasma membrane. However, because cholesterol was scarcely loaded onto apoA-I without TO901317 and RA treatment (Fig. 3A) , the cholesterol available to cold M␤CD (Fig. 5 ) cannot be loaded onto apoA-I spontaneously. The expression of ABCA1 increased the amount of cholesterol available to cold M␤CD by 40% from either LY-A or LY-A/CERT cells (Fig. 5) , and the amount from LY-A cells was 1.6-fold higher than that from LY-A/CERT cells. These results suggest that ABCA1 makes cholesterol available to cold M␤CD extraction in nonraft domains rather than reducing or redistributing SM in the plasma membrane and that the area of non-raft domains in LY-A cells is larger than that in LY-A/CERT cells. ABCA1 may activate cholesterol in non-raft domains to the condition available to cold M␤CD extraction.
Importantly, this action of ABCA1 is independent of apoA-I. It was reported that overexpression of ABCA1 in baby hamster kidney cells in the absence of apoA-I redistributed membrane cholesterol to cell surface domains accessible to treatment with the enzyme cholesterol oxidase (21) . ABCA1 may redistribute cholesterol to cell surface domains, such as non-raft domains, because the action of cholesterol oxidase on membrane cholesterol was reported to highly depend on the environment of the substrate and loosely packed cholesterol is likely more accessible to oxidase (22) . Alternatively, ABCA1 may actively flop cholesterol from the inner to outer leaflet of the membrane, which makes cholesterol more accessible to cholesterol oxidase and available to cold M␤CD extraction. The result by Landry et al., showing that a non-functional ABCA1 with mutation in the ATP-binding domain A937V fails to redistribute cholesterol, may support the latter model. These results suggest that the function of ABCA1 could be divided into two steps: (i) to flop PC and cholesterol from the inner to outer leaflet of the plasma membrane, and (ii) to load cholesterol onto apoA-I. The first step (flopping step) makes cholesterol available to cold M␤CD extraction and to reorganize membrane domains. As cholesterol available to cold M␤CD cannot be loaded onto apoA-I spontaneously, the second step (loading step) should be also mediated by ABCA1.
Notably, not only cholesterol but also more PL was loaded onto apoA-I from LY-A when cultured in Nutridoma-BO medium (Fig. 1A) . Under these conditions, more cholesterol was recovered in the TX-soluble fraction from LY-A cells than from LY-A/CERT cells and ABCA1 is distributed in TX-soluble membranes (Fig. 7) . ABCA1 may preferentially function in non-raft domains containing more PC and less SM as reported by Mendez et al. (19) . Recently, we reported that purified ABCA1 shows the highest ATPase activity when reconstituted in liposomes made of synthetic PC or SM (7) . Alternatively, PC may be the more favorable substrate for ABCA1 to transport with cholesterol. Indeed, the medium of ABCA1-expressing cells contains more PC species than SM species in the presence of apoA-I (23) .
We also analyzed the function of ABCG1 by using LY-A and LY-A/CERT cells. 3 We transiently expressed human ABCG1 in these cells and analyzed the efflux of cholesterol and SM mediated by ABCG1. Interestingly, ABCG1-mediated cholesterol efflux from LY-A cells was reduced as opposed to ABCA1-me- and TX-insoluble (IS) proteins (5 g), isolated as described under "Experimental Procedures," were separated by 7 or 15% polyacrylamide gel electrophoresis. ABCA1 and caveolin-1 (raft marker) were detected with specific antibodies. The experiment was repeated, and similar results were obtained. B, TX-extracted cholesterol was analyzed as described under "Experimental Procedures." The results are presented as percentage TX-soluble FC of total FC (TX-soluble plus TX-insoluble). Experiments were performed in triplicate, and the average values are represented with the S.E. diated cholesterol efflux. These results may suggest that ABCG1-mediated cholesterol efflux occurs in raft domains whereas ABCA1-mediated cholesterol efflux occurs in non-raft domains. Alternatively, ABCG1 may recognize cholesterol with SM as substrates to transport, whereas ABCA1 recognizes cholesterol with PC as substrates to transport.
In conclusion, we analyzed the function of ABCA1 by using CERT-deficient Chinese hamster ovary-K1 cells and demonstrated that the SM level in the plasma membrane affects the apoA-I-dependent efflux of PL and cholesterol. The effect of the reduction of plasma membrane SM content on the function of ABCA1 was quite different from that on the function of ABCG1. From these results, we propose a two-step (flopping and loading) model for ABCA1 function. Because ABCG1-mediated SM efflux (23) would reduce SM content in the plasma membrane, co-expression of ABCG1 on the same cell surface with ABCA1 may facilitate cholesterol efflux by ABCA1 to generate HDL. Further studies are needed to verify these models, but this study would facilitate our understanding of the mechanism of cholesterol efflux mediated by ABC transporters involved in cholesterol homeostasis.
